In some species, histone gene clusters consist of tandem arrays of each type of histone gene, whereas in other species the genes may be clustered but not arranged in tandem. In certain species, however, histone genes are found scattered across several different chromosomes. This study examines the evolution of histone 3 (H3) genes that are not arranged in large clusters of tandem repeats. Although H3 amino acid sequences are highly conserved both within and between species, we found that the nucleotide sequence divergence at synonymous sites is high, indicating that purifying selection is the major force for maintaining H3 amino acid sequence homogeneity over longterm evolution. In cases where synonymous-site divergence was low, recent gene duplication appeared to be a better explanation than gene conversion. These results, and other observations on gene inactivation, organization, and phylogeny, indicated that these H3 genes evolve according to a birth-and-death process under strong purifying selection. Thus, we found little evidence to support previous claims that all H3 proteins, regardless of their genome organization, undergo concerted evolution. Further analyses of the structure of H3 proteins revealed that the histones of higher eukaryotes might have evolved from a replication-independent-like H3 gene.
Introduction
The primary function of histones is to bind DNA in the chromatin of eukaryotes (reviewed in Hnilica, Stein, and Stein 1989) . Chromatin contains a repetitive structure known as the nucleosome, which contains roughly 200 base pairs of DNA wrapped around an octamer of histone proteins (reviewed in Hnilica, Stein, and Stein 1989) . The histone octamer is composed of four different types of core histones (H2A, H2B, H3, and H4), each represented by two copies. The H1 histone protein binds linker DNA that connects two different histone octamers.
With the exception of histone H4, all histone genes can be classified into three main subtypes on the basis of their expression pattern and genomic organization (Isenberg 1979; Maxson, Cohn, and Kedes 1983; Wu et al. vertebrate RI H3 genes are classified into the H3.3 category, whereas vertebrate RD genes can be classified into H3.1 or H3.2 gene categories. These variants are defined on the basis of migration patterns on Triton X-100 polyacrylamide gels, and they sometimes differ from one another by as little as one amino acid (e.g., mouse H3.1 vs. mouse H3.2). It is not clear whether these small differences result in functional differentiation, although this is apparently so in the case of larger amino acid differences (e.g., between mouse H3.1/H3.2 and mouse H3.3).
The total number of histone genes in a species is variable. For example, there are two copies of each of the core histones in the yeast Saccharomyces cerevisiae (Maxson, Cohn, and Kedes 1983; Wells, Coles, and Robins 1989; Ushinsky et al. 1997) , whereas there can be up to 1,000 copies in some sea urchin species (Kedes 1979) . In species that have a few hundred to a few thousand histone gene copies, the genes are usually organized into tandemly repeating quintets of the five histone types (e.g., sea urchin; fig. 1 ). On the other hand, histone genes are not always arranged in tandem in species that have smaller copy numbers. In these species, the histone genes are often organized into one or two large clusters, as in the mouse where there are two relatively large clusters found on different chromosomes (Wang et al. 1996a (Wang et al. , 1996b . In certain species, histone genes are dispersed throughout the genome in small groups of oneto-few copies (e.g., Caenorhabditis elegans and corn; Chaboutè et al. 1987; Roberts et al. 1987) .
Histones, especially H3 and H4, are among the most conserved proteins in the eukaryotic genome. There only about three amino acid differences between animal and plant H3 proteins, which are composed of 135 residues. Because of this high sequence similarity, the multigene families encoding histones are generally believed to be subject to concerted evolution, which homogenizes the member genes of a multigene family by interlocus gene recombination or gene conversion (e.g., Kedes 1979; Coen, Strachan, and Dover 1982; Holt and Evolution of Histone 3 Genes 69 FIG. 1.-H3 genome organization in species showing a nontandem clustered organization (A through E), a dispersed organization (F through H), and a tandem clustered organization (I). Expressed genes are shown in white, and an arrow indicates the direction of transcription when known. Pseudogenes are represented by black boxes. In A through E only a portion of the histone cluster is shown. The major human histone cluster located on chromosome 6 ( fig. 1A) , and the minor cluster located on chromosome 1 ( fig. 1B) are both shown. The chicken also has two clusters, but it is not certain whether these are on the same chromosome or not. In mouse, there are two clusters (the major one on chromosome 13 and the minor one on chromosome 3), but only a portion of the major one is shown here.
Childs 1984; Matsuo and Yamazaki 1989; DeBry and Marzluff 1994; Thatcher and Gorovsky 1994) . However, protein sequence homogeneity can also be attained by strong purifying selection without concerted evolution. In this case, genes can evolve independently or according to the birth-and-death model of evolution (Nei and Hughes 1992; Nei, Gu, and Sitnikova 1997) . This latter model of evolution assumes that new genes are created by repeated gene duplication and that some of these duplicated genes are maintained in the genome for a long time, whereas others are deleted or become nonfunctional. Birth-and-death evolution has been shown to be the primary mode of evolution for large multigene families, such as the major histocompatibility complex (MHC), immunoglobulin (Ig), antibacterial ribonuclease genes, and nematode chemoreceptor gene families (Nei and Hughes 1992; Ota and Nei 1994; Nei, Gu, and Sitnikova 1997; Robertson 1998; Zhang, Dyer, and Rosenberg 2000) , as well as for smaller multigene families such as the ubiquitins (Nei, Rogozin, and Piontkivska 2000) .
The purpose of this paper is to study the evolutionary mode of H3 genes in relation to the two aforementioned hypotheses. Assuming a rapid process of interlocus recombination or gene conversion, we would expect that in each species the proportion of synonymous nucleotide differences per synonymous site (p S ) between member genes is similar or only slightly higher than the proportion of nonsynonymous nucleotide differences per nonsynonymous site (p N ), irrespective of whether there is purifying selection. However, if birthand-death evolution under strong purifying selection were the major evolutionary force, p S would be much higher than p N because the member genes might diverge extensively by silent nucleotide substitution. Therefore, one may be able to distinguish between these two modes of evolution by comparing p S and p N .
Materials and Methods
We analyzed histone H3 nucleotide sequences from representatives of the major eukaryotic taxonomic groups (animals, plants, fungi, and protists). Both mRNA and genomic DNA sequences were used. In order to simplify their identification, sequences were labeled with each species' common name, whenever possible, and numbered. The list of species and DNA sequences analyzed is given at http://mep.bio.psu.edu/ databases/histoneH3/appendix.doc. Apart from the sequences of the two nematode species, C. elegans and C. briggsae, all H3 nucleotide sequences used in this study were obtained from GenBank. The H3 sequences from C. elegans and C. briggsae were extracted from the complete genome database of C. elegans, and the partial genome database of C. briggsae was obtained by using the Washington University BLAST server (http:// genome.wustl.edu/gsc/Blast). In the case of C. elegans, the chromosomal location of all H3 genes is known; so we labeled the sequences in the Appendix according to the chromosome on which they were found (I, II, III, etc.). However, we labeled the C. briggsae sequences according to the cosmid on which they were found because the chromosomal location of these genes has not yet been determined. The C. briggsae sequences do not yet have accession numbers, although they are freely available.
In some instances, H3 gene sequences found in GenBank contained errors. These sequences are listed in the histone sequence database maintained by the National Human Genome Research Institute (http:// genome.nhgri.nih.gov/histones/). For our study, we used the corrected versions listed in this database.
We used the program CLUSTAL-X (Thompson et al. 1997) to align the H3 amino acid sequences that were deduced. The alignment of nucleotide sequences was constructed on the basis of the amino acid sequence alignment. Both final alignments were checked for errors by visual inspection. The nucleotide alignment consisted of a set of sequences with 444 nucleotide sites (148 amino acid sites), excluding the start and stop codons. In plants, animals, and fungi, there are typically 135 amino acids in the H3 protein. However, there are various amino acid insertions and deletions in the H3 proteins of protists. Still, it was relatively easy to construct an alignment by taking the deduced amino acid sequences into account, the majority of which are conserved among all eukaryotes. In our study, we used uncorrected p distances for both nucleotide and deduced amino acid sequences to measure the extent of sequence divergence because most mathematical models are unlikely to apply to this highly conserved protein-coding gene. The number of synonymous (p S ) and nonsynonymous (p N ) nucleotide differences per site was also computed for all sequences by using a modified version of the Nei-Gojobori method (Zhang, Rosenberg, and Nei 1998) . Phylogenetic trees were reconstructed from these distances using the neighbor-joining method (Saitou and Nei 1987) . We rooted phylogenetic trees using the diplomonad protist Giardia intestinalis because diplomonads appear to form the earliest branch in the eukaryotic lineage (Roger et al. 1998 ). All analyses were performed with the computer program MEGA2 (Kumar et al. 2001) .
Results

Amino Acid Sequence Evolution
The phylogenetic tree of H3 amino acid sequences from various species is shown in figure 2. This tree includes several distinct clusters of H3 sequences as indicated in the figure. In protists and fungi the number of repeat copies is small, but H3 protein sequences are quite divergent among different species. In contrast, the extent of sequence divergence among different species of animals and plants is very small except for a few sequences. For example, RD proteins from animal species are virtually identical except for the duck-2 and human-12 sequences, which are different from the standard animal RD sequence by two and four amino acid differences, respectively. The H3.1 and H3.2 sequences are also very similar to one another at the amino acid level and differ by only one amino acid residue. To some extent, these clusters appear to be vertebrate specific and include sequences from different species of mammals, birds, and amphibians, which last shared a common ancestor approximately 350 Myr ago (Benton 1990) . It is worthwhile to note that these protein sequences from highly divergent taxa are identical to one another as long as they belong to the same H3-type. Also, some species (e.g., human and chicken) have only one kind of RD H3 protein, whereas other species (e.g., mouse and frog) have two kinds.
Nucleotide Sequence Evolution
Although the amino acid sequences are identical for many proteins, RD nucleotide sequences showed a relatively high degree of synonymous substitutions, even between genes within a species (table 1). The topology of the tree derived from nucleotide sequences ( fig. 3) is not reliable because most comparisons have reached the saturation level. However, it is evident that the extent of synonymous nucleotide differences both within and between species is generally very large. For example, most of the human genes are very divergent from one another ( fig. 3 ). In fact, the average value of p S (p S ) for the human RD genes is 0.463 (table 1), which is close to the saturation level under the condition that there are no amino acid differences (Nei, Rogozin, and Piontkivska 2000) , and the p S values for intraspecific comparisons of human genes are virtually the same as those for interspecific comparisons between human and other vertebrate genes. Similarly, the sequence similarities of mouse RD genes are nearly the same as those between mouse and chicken RD genes (table 2 and fig. 3). However, there was one case where the sequences from one species were very closely related to each other. The H3 RD genes of the chicken showed a value of p S ϭ 0.067 (table 1) , although the magnitude of p S was significantly greater than the magnitude of p N (P Ͻ 0.001, Z-test; table 1). In fact, it is clear from the tree in figure 3 and from the p S values reported in table 1 that all species for which multiple RD sequences were available showed extensive levels of divergence at synonymous nucleotide sites. The RI proteins show the same patterns as RD proteins with respect to high levels of synonymous nucleotide divergence and low amino acid sequence divergence (table 1; figs. 2 and 3). Compared with animal RD proteins, animal RI proteins appear to show a slightly higher rate of sequence divergence (table 1) ; yet, this does not hold for plants.
In some cases, it has been suggested that RD genes found in close proximity on a chromosome undergo gene conversion (e.g., DeBry and Marzluff 1994). To test whether or not this is true, we examined sequences from two closely related species of rodents (shrew mouse and mouse). Shrew mouse genes (1-3) that are putative orthologues of mouse chromosome 13 genes (1-3) are more closely related to certain mouse genes (mouse 1, 3, and 4) than they are to other shrew mouse genes. For example, the overall p distance between sequence 1 of the shrew mouse and sequence 3 of the mouse is p ϭ 0.022, whereas the distances between sequence 1 of the shrew mouse and sequences 2 and 3 of the shrew mouse are p ϭ 0.024 and p ϭ 0.034, respectively. When we tested p S ϭ p N for mouse chromosome 13 genes (mouse 1-9) and their putative shrew mouse orthologues (shrew mouse 1-3), we found that p S was significantly different from p N in both cases (table 1; P Ͻ 0.001, Z-test).
Complete Genome Comparisons
In the case of C. elegans, the complete genome sequence is known; so we are giving special attention to this data set. As shown in the tree in figure 2 , the amino acid sequences of C. briggsae and C. elegans RD histones form species-specific clusters that are supported by high bootstrap values. The only exceptions are the two RI sequences found on chromosomes III and X, which differed by a single amino acid substitution and clustered with the other animal RI proteins. At the nucleotide level, there is some mixing of RD genes between the two Caenorhabditis species, based on a neighbor-joining phylogeny of p distances for the complete H3 nucleotide sequences (data not shown). This pattern results from substitutions at synonymous sites because C. elegans RD genes are identical at the amino acid level but show substantial levels of nucleotide sequence divergence.
The C. elegans 14 sequences are spread out over five chromosomes. A few of these sequences are found in small clusters, such as sequences 1, 2, and 3 on chromosome II ( fig. 1 ). In the case of these three genes, sequence 3 is found in an orientation opposite to that of the other two; yet, all three have identical nucleotide sequences. This apparent homogenization may be partly because of the inverted duplication of the third gene sequence on chromosome II. A similar situation is found on rice chromosome 6 (sequences 9 and 10). In this case, the sequences have begun to diverge; so the inverted duplication must have occurred some time ago.
Discussion
Our study of nontandem H3 genes shows that a birth-and-death process with strong purifying selection best describes the long-term evolutionary mode of these genes. First, both RD and RI H3 genes were substantially divergent at the nucleotide level despite the fact that the amino acid sequences differed by only one or a few sites between H3 variants. Second, pseudogenes are found in both RD and RI gene clusters. By searching GenBank, we found three human H3 pseudogenes, two mouse H3 pseudogenes, one H3 pseudogene from rice, one H3 pseudogene in a species related to the soybean, and four putative pseudogenes from C. elegans. In C. elegans, two genes found on chromosome III share protein sequence similarities with the C. elegans RI genes, but they might be pseudogenes as they show numerous insertions or deletions and a substantial number of amino acid substitutions when aligned with the other H3 sequences. Although the sequences are still in frame, it is possible that they could be pseudogenes if, for example, their promoters have somehow become inactivated. It is worth noting that the sequences X-2 and V-6 of C. elegans may also be pseudogenes because they contain many single nucleotide gaps when aligned with the other H3 genes. Third, the genes in solitary locations of the genome (RI genes) displayed the same evolutionary patterns as the genes that are organized into clusters (RD genes). This observation runs counter to theoretical expectations, which predict that clustered genes are supposed to show evidence of gene conversion or unequal crossing-over more often than solitary genes under the model of concerted evolution. Fourth, the H3 amino acid and nucleotide sequence phylogenies are not consistent with predictions under the birth-and-death model (Nei and Hughes 1992; Ota and Nei 1994; Nei, Gu, and Sitnikova 1997) , in which case genes will cluster by type and not by species. If genes evolve in a concerted manner, they should cluster by species and show relatively short branch lengths based on p S . Our results suggest that H3 genes cluster according to inferred gene duplication events, although the chicken H3 genes appear to be an exception that we shall discuss later in more detail. Finally, we did not find that p S ϭ p N for any species (table 1), though the magnitude of p S should be nearly the same as the magnitude of p N under the concerted evolution process. This result suggests that purifying selection is important for maintaining amino acid sequence homogeneity of H3 genes.
Our results suggest that H3 genes evolve according to the evolution by a birth-and-death process rather than in a concerted fashion. Apparently, most cases involving low sequence divergence between genes can be explained by recent gene duplication. This is shown best by the C. elegans example involving duplication and inversion of a gene on chromosome II of this species. This pattern of evolution is similar to the evolution of ubiquitin genes, which are also highly conserved (Nei, Rogozin, and Piontkivska 2000) . However, the patterns observed in the chicken histone cluster are more complicated. In this case, it is not entirely clear whether concerted evolution or birth-and-death evolution is more important in the long-term evolution of H3 genes in this species, because of the rather low levels of sequence divergence between chicken H3 genes. It is extremely difficult to determine whether concerted evolution or recent gene duplication is responsible for the low levels of sequence divergence. Recent gene duplication could explain why chicken RD sequences cluster together and display very low levels of synonymous sequence divergence ( fig. 3, tables 1 and  2) . Because recent gene duplication could have occurred within a relatively short time period, species-specific clustering would characterize the phylogeny in question, and synonymous substitutions would appear to be small, as not enough time could have elapsed to allow for the accumulation of nucleotide substitutions. In fact, it is interesting to note that all chicken H3 sequences are of the H3.2 type. As discussed previously, this might be evidence of H3.1 gene loss followed by recent duplication of H3.2 genes. However, a broader taxonomic sampling of avian H3 genes would help answer the question of whether or not the chicken histone cluster evolves in a concerted manner. The information gained from comparisons of histone sequence divergence within and between species, as well as the phylogenetic relationships among these sequences, might be useful in discriminating between concerted evolution and birthand-death evolution under strong purifying selection. Wells, Bains, and Kedes (1986) hypothesized that an RI gene was the progenitor of all H3 genes. However, Thatcher and Gorovsky (1994) argued that H3 RI proteins arose independently in animals, plants, and Tetrahymena. We found that the H3 amino acid sequence from the protist Phreatamoeba was the closest relative of animal and plant H3 amino acid sequences. However, this relationship may have resulted by chance alone because the sequence appears equally distant from fungal H3 sequences, and the bootstrap value is very low (29%). Nevertheless, the clustering of Phreatamoeba with animals, plants, and fungi is supported by a relatively high bootstrap value (78%), suggesting that an H3 gene similar to the one from Phreatamoeba may have been the ancestor of the animal, plant, and fungal H3 sequences. It is interesting that Phreatamoeba has an AIA amino acid sequence motif in the positions homologous to the RI H3.3 AIG motif, and Dictyostelium, which also clusters with animals, plants, and fungi, has an AIG motif in this same position. This suggests that an H3 RI-like gene was the progenitor of all H3 proteins. If the AIG/A motif of Dictyostelium and Phreatameoba arose through convergence, then the hypothesis of Thatcher and Gorovsky (1994) is favored, but if the motif did not arise through convergence, the hypothesis of Wells, Bains, and Kedes (1986) would be favored. In the case of the latter, it would mean that RD proteins arose independently multiple times on the basis of the 74 Rooney et al. (Zhang Rosenberg, and Nei 1998) and the pairwise deletion option with R ϭ 0.98 for interspecific comparisons; the R value shown in table 1 was used for intraspecific comparisons. Note that in the case of Human 4 versus Human 1/16, there are three synonymous substitutions at a six-fold degenerate site coding for arginine (AGA vs. CGG/CGT, respectively), resulting in one change being considered nonsynonymous. However, the amino acid remains the same. topology shown in figure 2. Further analyses are needed to discriminate between these hypotheses. Perhaps the sequencing of protist genomes will provide more H3 sequences, which might help to solve this problem.
Studies of histone gene families will help to identify mechanisms by which some multigene families evolve. In general, the study of multigene family evolution will become increasingly important as more complete genome sequences become available. From such studies completed to date, we already know that multigene families are the rule and not the exception as far as genome organization is concerned. Therefore, it is important to understand multigene family evolution if we are to understand the broader scope of genome evolution. This has potential ramifications for fields of research other than evolutionary genomics and molecular evolution. For example, in molecular parasitology it is known that multigene families control antigenic variation of malarial parasites of the genus Plasmodium, and it has been recently suggested that an understanding of the mechanisms by which these multigene families function and evolve holds the key to malaria control (Snounou, Jarra, and Preiser 2000) .
